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Featured Application: Four-dimensional cardiac straightened segmentation can be useful for the 

periprocedural evaluation of TPVR. 

Abstract: Cardiac computed tomography angiography (C-CTA) is crucial in assessing the right ven-

tricular outflow tract (RVOT) prior to a transcatheter pulmonary valve replacement (TPVR), as an 

incorrect evaluation can make the procedure more challenging and can lead to device-related com-

plications. This study aimed to evaluate the feasibility and accuracy of 4D straightened segmenta-

tion for a landing zone analysis over anatomical segmentation. Seven pre-operative CTAs and seven 

post-operative CTAs were used to measure the cross-sectional area, circumference, and diameters 

at five selected planes as the landing zone for TPVR and compared these to the 4D straightened 

model with the anatomical model. Furthermore, the right ventricular volume, stent volume, and 4D 

ellipticity index were calculated from the 4D straightened model. The 4D straightened segmentation 

had comparable accuracy and efficacy for the measurements at the landing zone. The cross-sectional 

area and the circumference varied greatly at the RVOT and the basal plane of the pulmonary valve 

compared with the other three planes of the 4D straightened models from the pre-operative CTAs; 

however, only the values at the RVOT were found to vary greatly from the post-operative CTAs. 

The 4D straightened model can provide accurate measurements and is thus a useful method for the 

periprocedural evaluation of TPVR. 

Keywords: four-dimensional computed tomography; transcatheter pulmonary valve replacement; 

cardiac catheterization; 4D dynamic segmentation; landing zone 

 

1. Introduction 

Transcatheter pulmonary valve replacement (TPVR) is a well-established alternative 

therapeutic approach for patients with right ventricular outflow tract (RVOT) dysfunc-

tion, the majority of whom are young and suffer from congenital heart defects or have 

had multiple previous cardiac surgeries [1,2]. Recent studies show that, in terms of sur-

vival and freedom from reintervention or surgery, the outcomes of TPVR are comparable 

with those of surgical conduit/valve replacement to manage RVOT dysfunction across a 
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wide age range [3,4]. Similar to transcatheter aortic valve replacement (TAVR), cardiac 

computed tomography angiography (C-CTA) plays a crucial role in the characterization 

of the morphology, distensibility, and compliance of the RVOT prior to TPVR, since inac-

curate sizing can complicate the procedure and cause device-related complications, such 

as embolization and paravalvular leak (PVL) [5,6]. 

Technological developments in three-dimensional (3D) and four-dimensional (4D) C 

CTA have opened the door to a novel method for the personalized planning of transcath-

eter heart valve implantation for patients with structural heart valve diseases [7–9]. Cross-

sectional imaging with 3D and 4D C-CTA is critical to determine patients’ suitability for 

TPVR; knowledge of RVOT anatomy, the proximity of the left coronary artery to the na-

tive pulmonary root, and the distensibility of the RVOT are indispensable for TPVR 

[10,11]. In addition to this, 3D and 4D C-CTA can support the identification of candidate 

percutaneous access routes, including the transfemoral, transjugular, and subclavian 

routes, and answer key anatomical questions. Furthermore, the landing zone—the ideal 

implantation site for TPVR—can protect the stented pulmonary valve (PV) from PVL, mi-

gration, and coronary compression. To create an accurate 4D segmentation of the landing 

zone anatomy at the RVOT, CT datasets should undergo segmentation where the person-

alized CT data are assigned to a region of interest to generate the 4D structures in syn-

chronization with the heart rate. A previous study showed that the RVOT’s morphology 

and size can vary significantly throughout the entire cardiac cycle, and so perimeter- and 

cross-sectional area-based measurements have proven more reliable than PV annulus di-

ameters alone [12]. Additionally, the necessity of 4D C-CTA is emphasized by Gillespie 

and colleagues, who encourage taking measurements for the landing zone both during 

end-systole and end-diastole phases [13]. 

However, in current traditional clinical and preclinical settings, the resulting 4D CT 

data are frequently transformed into 3D data for manual quantification and visual evalu-

ation, which can only show static information. Furthermore, anatomical 4D segmentations 

are unable to fully depict the characteristics of the RVOT adjacent to the aortic root during 

the course of the cardiac cycle, even with 4D information. Yet, the 4D dynamic volumes 

of the right ventricle, implanted stent, and landing zone, which are crucial for the quanti-

tative interpretation of TPVR, are only partially illustrated by the available data. In addi-

tion to the 4D anatomical segmentation, the angle between the RVOT and the main pul-

monary artery can cause the measuring lines to not fully align with the landing zone 

planes (e.g., the annular plane or sinotubular junction plane), which can result in incorrect 

landing zone measurements. The 2D properties of the STJ plane, the sinus plane and the 

pulmonary valve annular plane, are defined by three points at each level—the three com-

missures, the petaline peak of the sinuses, and the nadir of the pulmonary valve—instead 

of 3D properties, which could lead to inaccurate landing zone measurements. Multi-pla-

nar measurements are often employed in clinical practice to assess the RVOT before 

TPVR, but due to their 3D properties, planes may be positioned incorrectly in anatomical 

segmentations. 

In this study, we exploited a practical approach to performing multiparametric anal-

yses of pre- and post-interventional C-CTA for TPVR in a sheep model by straightening 

the 4D anatomical segmentations into a 4D straightened segmentation. Our primary ob-

jective was to evaluate the feasibility and accuracy of 4D straightened segmentation in 

comparison to traditional anatomical segmentation, identify its benefits, and explore its 

potential as a complementary planning tool in TPVR. 

2. Materials and Methods 

This study included seven adult sheep (Ovis aries), all of which received humane 

care in compliance with the guidelines of the European and German Societies of Labora-

tory Animal Science (FELASA, GV-SOLAS). The legal and ethical committee of the Re-

gional Office for Health and Social Affairs in Berlin (LaGeSo) approved the GrOwnValve 

preclinical trial aiming to conduct transcatheter pulmonary valve replacement from 
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autologous pericardium with a self-expandable stent in a sheep model (IC14-G 0062/18). 

The TPVRs were performed at Charité University Hospital of Berlin, Campus Virchow-

Klinikum, Research Institute for Experimental Medicine (FEM), while all 4D cardiac CTs 

were performed at the German Heart Center Berlin. 

2.1. Scan Protocol and 4D Cardiac CT Processing 

All cardiac CTAs were performed on a Siemens 64-slice dual-source multidetector 

CT scanner with ECG gating (SOMATOM Definition Flash, Siemens AG, Munchen, Ger-

many). The sheep were scanned in the prone position with standard acquisition technical 

parameters: a gantry rotation time of 0.33 s, 100–320 mAs per rotation, a 120 kV tube volt-

age, matrix 256 with a 16-bit depth, a deviation effective X-ray dose of 15.5 ± 11.6 mSv, 

and a slice thickness of 0.75 mm. CT contrast enhancement was achieved by administering 

2–2.5 mL/kg of an iodinated contrast agent at a rate of 5 mL/s. To achieve the ideal syn-

chronization, a bolus tracking method was used for contrast bolus timing in the region of 

interest on the main pulmonary artery. The 4D cardiac CTA scanning protocol produced 

10 continuous frames for the cardiac cycle, from 10% to 100%, with 10% of the RR interval 

covering the entire cardiac cycle. 

2.2. Four-Dimensional Cardiac CT Analysis in 3D Slicer 

2.2.1. Segmentations 

The CT data of the seven sheep were processed offline using the open-source soft-

ware 3D Slicer (https://www.slicer.org/ (accessed on 1 March 2022). The 4D anatomical 

right heart (from the superior vena cava to the end of the main pulmonary artery, without 

the inferior vena cava) blood pool was segmented using a certain threshold automatically 

and manually based on each C-CTA by two experienced doctors and optimized manually 

by a senior expert. The inferior vena cava was not included in this anatomical segmenta-

tion due to its low contrast (the contrast agent was administered via the cephalic vein) 

and the establishment of the subsequent straightened segmentation. 

After creating the anatomical segmentation for each 10% of cardiac cycle, the straight-

ened 4D right heart segmentations were created as follows. Two markup points were 

placed on the top plane of the superior vena cava and the end plane of the main pulmo-

nary artery to construct a centerline for each anatomical segmentation, and then a center-

line curve was generated by adding a new markup curve to the segmentation. An output 

straightened volume was created by executing the “Curved Planar Reformat” operation. 

This straightened volume was then used to construct a straightened segmentation both 

automatically and manually. The segmentation for each 10% of the cardiac cycle was ob-

tained using the same methods. The ten 3D straightened segmentations were sequentially 

concatenated to create a 4D straightened right heart segmentation. 

The straightened 4D right heart models were created by adding centerlines and 

curved planar reformatting to the corresponding anatomical model. Similar steps were 

used for all segmentations of both the pre-operative C-CTA (pre-CT) and post-operative 

C-CTA (post-CT). Comprehensive steps for the 4D cardiac CTA analysis were described 

previously [14]. 

2.2.2. Multiparametric Measurements of the Landing Zone 

Dynamic landing zone measurements, which included cross-sectional area, circum-

ference, maximum diameter, and minimum diameter in the pre-CTs, were taken in five 

planes at the landing zone: plane 1—RVOT (10 mm below plane 2), plane 2—BPV plane 

(three hinge points at the nadir of each of the attachments of the PV), plane 3—sinus plane, 

plane 4—sinotubular junction (STJ) plane, and plane 5—PA plane (10 mm above plane 4). 

The five planes in the post-CTs were defined as follows: plane 1—RVOT (10 mm below 

plane 2), plane 2—bottom plane of the stent (BPS) plane, plane 3—middle plane of the 

stent (MPS) plane, plane 4—top plane of the stent (TPS) plane, and plane 5—PA plane (10 
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mm above plane 4) (Figure 1). The RV volume was obtained by cutting the right heart 

segmentations at the tricuspid valve level and at the level of plane 4 both in the anatomical 

and the straightened segments. The right ventricular ejection fraction (RVEF) can be cal-

culated using the minimum and maximum RV volume. The volume of the landing zone 

in the pre- (PV volume) and post-CTs (stent volume, SV) was obtained by cutting the right 

heart segments from plane 1 to plane 5 both in the anatomical and the straightened seg-

ments. The rendered stent volume in the post-CTs was created by masking the right heart 

volume between plane 2 and 4 for the entire cardiac cycle. The ratio between the minimum 

and maximum diameter in each section was calculated to determine the grade of the el-

liptical shape (ellipticity index). The correlation between the anatomical model and 

straightened model was assessed using the Pearson correlation coefficient. We calculated 

the r value for the Pearson correlation coefficient using Formula (1),then obtained the t 

value using Formula (2). In the case where the degrees of freedom (d.f.) for r is n − 2, the 

p value can be obtained using the critical values of t for Pearson’s r. 

� =
� ∑ �� �� − ∑ �� ∑ ��

�� ∑ ��
� − (∑ ��)� �� ∑ ��

� − (∑ �
�
)�

                                                                                 
(1)

� =
�

�1 − ��

� − 2

                                                                                                                                          
(2)

Bland–Altman analysis was conducted to further confirm the agreement between the 

two models. 

 

Figure 1. Five selected planes from different segmentations. (A) anatomical model from pre-opera-

tive CT, (B) straightened model from pre-operative CT, (C) anatomical model from post-CT, (D) 

straightened model from post-CT. PA pulmonary artery, STJ sinotubular junction, BPV basal plane 
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of pulmonary valve, RVOT right ventricular outflow tract, TPS top plane of the stent, MPS middle 

plane of the stent, BPS bottom plane of the stent. 

2.3. TPVR Protocol 

The sheep were tranquilized with an intramuscular injection of 0.4 mg/kg of midazo-

lam, 0.4 mg/kg of butorphanol, and 0.011 mg/kg of glycopyrronium bromide. After ad-

ministering intravenous anesthesia by injecting 1–2.5 mg/kg of propofol and 0.01 mg/kg 

of fentanyl, the sheep were intubated, and a gastric tube was placed into the stomach for 

gas and fluid evacuation during the preparation for CT and TPVR. 

The sheep were ventilated under general anesthesia, which was maintained by 

isoflurane (1%) in oxygen (flow = 1 L/min, FiO2 = 75%), combined with a continuous rate 

infusion of fentanyl (5–15 mcg/kg/h) and midazolam (0.2–0.5 mg/kg/h) during the left 

mini-thoracotomy to harvest the autologous pericardium and perform the transjugular 

implantation of the autologous heart valve. GrOwnValve sizing was achieved according 

to the 4D measurements of the landing zone in the pre-CTs (Figure 1A). The autologous 

pericardium was harvested to manufacture a new PV by trimming and sewing it onto a 

Nitinol stent. The stented autologous PVs were loaded into the head of a self-designed 

delivery system and advanced via the left jugular vein under guidewire and fluoroscopy 

guidance. After confirmation of the deployment position in the right heart angiography, 

the GrOwnValve was deployed at the native PV position. The protocol for the GrOwn-

Valve transjugular vein implantation was illustrated in detail previously [15]. 

2.4. Statistical Analysis 

Statistics were analyzed using the GraphPad Prism 9 software (Graphpad Software, 

Biomatters, Ltd., NZ, and GSL Biotech, San Diego, CA, USA). Normal distribution was 

assessed with a Kolmogorov–Smirnov test. Continuous variables are presented as mean 

± standard deviation (SD) for normal distribution or as median with interquartile ranges 

(IQRs) for non-normal distribution. The Pearson correlation coefficient was used to quan-

tify the correlation between each plane of the anatomical model and the straightened 

model during the ten cardiac phases for each of the seven sheep. The agreement and bias 

between the two models were assessed with Bland–Altman analysis. A p value of < 0.05 

was considered statistically significant. All the test results are two-tailed. 

3. Results 

3.1. Four-Dimensional Cardiac CT Segmentation 

Fourteen C-CTA datasets (a pre-CT and a post-CT from each of the seven sheep) were 

included in the study. Each CT was divided into ten cardiac phases. Furthermore, each 

CT was reconstructed into an anatomical model and a straightened model. In total, 28 

anatomical models and straightened models were successfully segmented and recon-

structed from the 14 CTs. The cross-sectional area, circumference, maximum diameter, 

and minimum diameter of the five planes were measured for each model. This resulted in 

a total of 350 paired datasets in each measurement that were acquired at the 10 different 

cardiac cycles between the anatomical model and the straightened model. In addition, the 

parameters for a single plane were compared as well. 

3.2. Correlations between Anatomical Model and Straightened Model 

In all pre-CT comparisons, there was a strong linear correlation between the anatom-

ical model and the straightened model for the cross-sectional area and the circumference 

measurements at all five planes, with a Pearson correlation coefficient of 0.95 (p < 0.0001) 

for the cross-sectional area and 0.94 (p < 0.0001) for the circumference. The Bland–Altman 

analysis further confirmed a strong agreement between the two models (Figure 2).  
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Figure 2. Pearson correlation scatterplot and Bland–Altman plot of cross-sectional area and circum-

ference for the agreement between the anatomical model and straightened model from pre-CT. 

LOA—limit of agreement. 

Similarly, the two pre-CT models for the minimum and maximum diameter were 

highly correlated, with a Pearson correlation coefficient of 0.96 (p < 0.0001) for the mini-

mum diameter and 0.91 (p < 0.0001) for the maximum diameter. The limits of agreement 

between the anatomical model and the straightened model were in a good range for both 

the minimum diameter and maximum diameter (Figure 3). 
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Figure 3. Pearson correlation scatterplot and Bland–Altman plot of minimum diameter and maxi-

mum diameter for the agreement between anatomical model and straightened model from pre-CT. 

LOA—limit of agreement. 

There was also a statistically significant linear correlation between the cross-sectional 

area (r: 0.97, p < 0.0001) and the circumference (r: 0.97, p < 0.0001) of the two models for 

the post-CTs (Figure 4). The scatter plot of the Bland–Altman analysis also demonstrates 

good agreement for every paired dataset. 
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Figure 4. Pearson correlation scatterplot and Bland–Altman plot of cross-sectional area and circum-

ference for the agreement between the anatomical model and straightened model from post-CT. 

LOA—limit of agreement. 

The post-CT anatomical model and straightened model for the minimum diameter 

and maximum diameter were highly correlated, with a Pearson correlation coefficient of 

0.96 (p < 0.0001) for the minimum diameter and 0.91 (p < 0.0001) for the maximum diame-

ter. The limits of agreement between the anatomical model and the straightened model 

were in a good range (Figure 5). 
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Figure 5. Pearson correlation scatterplot and Bland–Altman plot of minimum diameter and maxi-

mum diameter for the agreement between the anatomical model and straightened model from post-

CT. LOA—limit of agreement. 

The Pearson correlation coefficients and Bland–Altman agreements between the two 

model measurements of the annulus area, circumference, minimum diameter, and maxi-

mum diameter at each single plane are shown in Table 1. There was also an excellent cor-

relation between every comparison. The results for the Pearson correlation coefficients 

and Bland–Altman analyses indicate a good accuracy of the straightened model. 

Table 1. Pearson correlation coefficient and Bland–Altman analysis of cross-sectional area, circum-

ference, minimum diameter, and maximum diameter for each single plane. CSA—cross-sectional 

area, C—circumference, LOA—limit of agreement, RVOT—right ventricular outflow tract, BPV—

basal plane of pulmonary valve, STJ—sinotubular junction, PA—pulmonary artery, BPS—bottom 

plane of the stent, MPS—middle plane of the stent, TPS—top plane of the stent. * p < 0.0001. 

Pre-CT Pearson Correlation (r) 
Bland–Altman Analysis 

Mean Difference Upper LOA Lower LOA 

RVOT 

CSA (mm2) 0.96 * −7.43 95.24 −110.10 

C (mm) 0.95 * −0.23 10.05 −10.51 

Minimum diameter (mm) 0.94 * −0.49 2.32 −3.31 

Maximum diameter (mm) 0.94 * −0.54 4.05 −5.13 

BPV 
CSA (mm2) 0.87 * −4.89 117.60 −127.40 

C (mm) 0.84 * −0.89 12.23 −14.01 
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Minimum diameter (mm) 0.88 * −0.49 2.94 −3.92 

Maximum diameter (mm) 0.77 * −0.18 6.03 −6.40 

Sinus 

CSA (mm2) 0.93 * −5.00 54.53 −64.53 

C (mm) 0.94 * −0.87 4.03 −5.76 

Minimum diameter (mm) 0.92 * −0.34 1.29 −1.98 

Maximum diameter (mm) 0.90 * −0.13 1.79 −2.04 

STJ 

CSA (mm2) 0.97 * −14.30 30.54 −59.14 

C (mm) 0.97 * −1.02 2.68 −4.72 

Minimum diameter (mm) 0.93 * −0.61 1.15 −0.61 

Maximum diameter (mm) 0.94 * −0.35 1.49 −2.18 

PA 

CSA (mm2) 0.97 * −20.94 29.80 −71.68 

C (mm) 0.97 * −1.67 2.24 −5.57 

Minimum diameter (mm) 0.95 * −0.48 1.29 −2.25 

Maximum diameter (mm) 0.92 * −0.73 1.71 −3.17 

RVOT 

CSA (mm2) 0.97 * −37.39 110.10 −184.90 

C (mm) 0.97 * −2.70 7.53 −12.92 

Minimum diameter (mm) 0.91 * −0.40 4.94 −5.73 

Maximum diameter (mm) 0.93 * −1.47 3.52 −6.46 

BPS 

CSA (mm2) 0.95 * 0.96 67.47 −65.55 

C (mm) 0.95 * 0.13 5.44 −5.17 

Minimum diameter (mm) 0.84 * 0.05 2.11 −2.00 

Maximum diameter (mm) 0.93 * 0.06 2.73 −2.61 

MPS 

CSA (mm2) 0.99 * −10.36 23.76 −44.47 

C (mm) 0.99 * −0.78 1.87 −3.43 

Minimum diameter (mm) 0.92 * −0.19 1.29 −1.67 

Maximum diameter (mm) 0.96 * −0.24 1.49 −1.96 

TPS 

CSA (mm2) 0.97 * −21.57 42.77 −85.91 

C (mm) 0.97 * −1.74 3.26 −6.75 

Minimum diameter (mm) 0.93 * 0.11 1.92 −1.70 

Maximum diameter (mm) 0.97 * −0.9 1.67 −3.47 

PA 

CSA (mm2) 0.97 * −7.77 66.30 −81.84 

C (mm) 0.97 * −0.40 5.57 −6.38 

Minimum diameter (mm) 0.92 * −0.27 1.85 −2.39 

Maximum diameter (mm) 0.94 * −0.18 2.77 −3.13 

3.3. Dynamic Variation of Landing Zone 

The mean cross-sectional area and circumference dynamic variations of each plane 

during the whole cardiac cycle for the pre- and the post-CTs are shown in Figures 6 and 

7. There was high variation in the RVOT and BPV cross-sectional area for the pre-CTs in 

the ten phases of the cardiac cycle, especially from 50% to 60% and 90% to 100%. For the 

straightened pre-CT model, the maximum and minimum mean annulus areas of the 

RVOT plane were 646 ± 149 mm2 (90%) and 272 ± 122 mm2 (50%), respectively, and the 

maximum and minimum cross-sectional area mean values of the BPV plane were 471 ± 48 

mm2 (100%) and 266 ± 101 mm2 (60%), respectively. In addition, the post-CT RVOT annu-

lus area differed greatly between 100% and 50% with areas of 1028 ± 210 mm2 and 435 ± 

144 mm2, respectively. The dynamic variation trends for the circumference were similar 

to those for the cross-sectional area. The detailed mean differences (±standard deviation) 

of the cross-sectional area and the circumference are presented in Table S1. However, the 

variation in the BPS plane area in the post-CTs was small because the radial force of the 

implanted stent fixed the stent on the annulus between the BPS and the PA plane, allow-

ing the PA to expand fully, which also led to an increase in the annulus ellipticity of the 

BPS plane (Table 2). The annulus of the RVOT plane has a more notable elliptical geometry 
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than the other planes. The detailed ellipticity indices of the five planes during the ten car-

diac phases are presented in Table S2. 

 

Figure 6. Dynamic variation in the cross-sectional area and circumference throughout the cardiac 

cycle at five planes from pre-operative CT. RVOT—right ventricular outflow tract, BPV—basal 

plane of pulmonary valve, STJ—sinotubular junction, PA—pulmonary artery. In each plane, one 

error bar indicates one frame (from 10% to 100%) in the cardiac cycle. 
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Figure 7. Dynamic variation in the cross-sectional area and circumference throughout the cardiac 

cycle at five planes from post-operative CT. RVOT—right ventricular outflow tract, BPS—bottom 

plane of the stent, MPS—middle plane of the stent, TPS—top plane of the stent, PA—pulmonary 

artery. In each plane, one error bar indicates one frame (from 10% to 100%) in the cardiac cycle. 

Table 2. Annulus ellipticity index of five planes for pre-operative CT and post-operative CT. The 

ellipticity index was defined as minimum diameter/maximum diameter. 

Ellipticity Index 

Pre-CT Post-CT 

RVOT 0.55 ± 0.08 RVOT 0.69 ± 0.10 

BPV 0.69 ± 0.12 BPS 0.88 ± 0.08 

Sinus 0.89 ± 0.06 MPS 0.88 ± 0.09 

STJ 0.90 ± 0.06 TPS 0.84 ± 0.10 

PA 0.83 ± 0.06 PA 0.86 ± 0.09 



Appl. Sci. 2022, 12, 12912 13 of 17 
 

 

4. Discussion 

In this study, we illustrated the feasibility and accuracy of multiparametric analyses 

of the landing zone using 4D straightened segmentation generated from 4D C-CTA in 

sheep to measure and characterize the dynamic changes in the landing zone in pre-CTs 

and the implanted stent in post-CTs for TPVR at five selected planes. Furthermore, we 

used this methodology to obtain the 4D RV volume from all CTs, the landing zone volume 

from pre-CTs, the stent volume from post-CTs, and the ellipticity index at the selected 

planes, all of which could be used to estimate the right heart function, new heart valve 

selection, stent conditions following TPVR, and to help us gain a better understanding of 

the deformation of the landing zone at the native RVOT. Finally, we determined the dif-

ferences in the cross-sectional area and perimeter on the selected pulmonary artery plane 

and the RVOT plane by comparing the corresponding pre- and post-CTs, thus reflecting 

the structural changes after TPVR. Compared with anatomical 4D segmentation, this 

straightened model not only has the comparable accuracy of relative measurement, but it 

also aids in better understanding the deformation of the landing zone at the native RVOT 

and the implanted stent, while supporting the development of new TPVR devices that are 

not only morphologically appropriate for the majority of patients scheduled to undergo 

TPVR, but also achieve better mechanical performance in the long term. Additionally, this 

straightened 4D segmentation aids in determining proper valve sizing by measuring the 

parameters in the appropriate planes. 

Methods involving 3D echocardiography, fluoroscopy imaging, and 3D C-CTA are 

usually employed to evaluate cross-sectional changes at the RVOT, which are based on 

3D alignment and fixed-plane segmentation [16–18]. Currently, 4D C-CTA can measure 

and characterize the changes in heart morphology and size throughout the cardiac cycle 

[19]. However, the current method for 4D segmentation is based on anatomical right heart 

reconstruction, which can neither fully describe the features of the RVOT-PA nor reveal 

intuitive observations. Furthermore, there is no method to quantify the RVOT-PA using 

comprehensive 4D C-CTA analysis. Along with the 4D anatomical segmentation, the an-

gle between the RVOT and the main pulmonary artery may prevent the measuring lines 

from perfectly aligning with the planes of the landing zone (such as the annular plane and 

the sinotubular junction plane, which are extremely important for TPVR), which could 

lead to inaccurate landing zone measurements. Additionally, as the landing zone for 

TPVR is not a straight conduit, this could increase the difficulty of placing the planes in 

the right position, as well as the measurements. In clinical practice, it is crucial to obtain 

the precise length of the TPVR landing zone to avoid right and/or left pulmonary artery 

occlusion when adapting a self-expandable stented heart valve. In addition, in the landing 

zone for TPVR, only the RVOT plane and main pulmonary artery plane are the “real 2D 

flat planes.” The other three planes, STJ, sinus, and the basal plane of the pulmonary valve, 

are defined by three points (STJ—the three commissures; sinus—the three peaks of the 

sinuses; and the basal plane of the pulmonary valve—the nadir of the pulmonary valve). 

These three planes are virtual planes, or at least not 2D flat planes; they are characterized 

by 3D features. Even multi-planar measurements are widely used in clinical practice to 

evaluate the RVOT prior to TPVR, but planes could be placed inaccurately in anatomical 

segmentations due to their 3D features and the angle of observation. In this study, we 

applied a 4D straightened segmentation with comparable accuracy and efficacy for five 

planar measurements from seven pre-CTs and seven post-CTs, which not only illustrates 

and visualizes the right heart’s total deformation throughout the cardiac cycle but also 

quantitatively characterizes the RVOT as a whole. All measurements at the necessary 

planes can be easily checked using this 4D straightened segmentation. The cross-sectional 

area, circumference, and max–min diameters measured from the 4D straightened models 

show a strong linear correlation and strong agreement with the 4D anatomical models. 

With the 4D straightened models from the pre-CTs, the cross-sectional area and circum-

ference were found to vary greatly at the RVOT and the BPV compared with the other 

three planes, which is consistent with anatomical measurements from a previous study 
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[12]; however, only the values at the RVOT were found to vary greatly from those derived 

from the post-CTs. 

It is evident that single parameters alone are unable to reflect the features of the right 

heart clearly and comprehensively. Therefore, multiple parameters are needed to enable 

adequate pre- and post-TPVR evaluation of the right heart. Conventionally, cardiac func-

tion is assessed by 2D/3D echocardiography and cardiac magnetic resonance imaging 

(MRI) and is based mainly on the left ventricular ejection fraction (LVEF) and not the 

RVEF [20,21]. Furthermore, the RV volume cannot be evaluated precisely by echocardi-

ography during clinical application due to the patient’s complex anatomy after open-heart 

surgery and the influence of breathing. In order to address this issue and improve the 

evaluation, RV volume should be estimated by multiple parameters. In this context, 4D 

RV volume measurements from 4D C-CTA could play an important role. We successfully 

segmented and calculated 4D RV volume from pre- and post-CT (Table S1) to measure 

the distance between the right ventricular inflow tract and the RVOT, which allowed for 

the innovation of the delivery system and the planning of the access route for TPVR ac-

cording to the length of the delivery system from pre-CT, evaluating the RVEF perioper-

atively. In addition, for the pre- and post-TPVR evaluation, we defined volume among 

the five dynamic planes as our specific landing zone for our self-designed TPVR device 

and quantitatively measured the volume deformation throughout the entire cardiac cycle 

to obtain directly perceived motions, such as the dynamics of the landing zone volume, 

the implanted stent volume, and the native PV volume (Table S1). Two of the enrolled 

sheep (sheep F and J) were selected for a representative illustration of the 4D dynamic 

segmentation (Videos S1–S8). Additionally, calculating the 4D ellipticity index of the im-

planted stent allowed us to easily observe the stent deformations during the cardiac cycle 

and evaluate the stented valve size. 

The morphology of the implanted stent after full deployment is crucial for the new 

heart valve to function. Improper morphology of the implanted stent could give rise to a 

paravalvular leak or new heart valve regurgitation and could result in an inefficient open-

ing area, which could lead to poor long-term performance [9,11,22]. In order to prevent 

the improper morphology of the implanted stent, a better understanding of the anatomy 

and device innovation are critical. We calculated the 4D ellipticity index of the landing 

zone from pre- and post-CT, which showed a lower ellipticity index at the RVOT and the 

BPV planes compared with the three other planes from pre-CT, while only the RVOT had 

a lower ellipticity index in post-CT because of the fixation of the implanted stent. The oval 

geometry of the BPV is an indicator of whether patients will benefit from TPVR because 

the myocardium at the BPV level would squeeze the stent into an undesirable geometry 

during the systolic phase, which could lead to an inefficient opening area in the new heart 

valve. The changes in the cross-sectional area and circumference during the cardiac cycle 

should also be taken into account for proper valve sizing, which is conventionally per-

formed within 3D C-CTA by selecting the end-diastolic phase. However, based on the 

results of our study, it may be more expedient to select the mid-systolic phase for valve 

sizing because the largest cross-sectional area and circumference at the BPV and the STJ 

could prevent an elliptical geometry in the implanted stent. Additionally, a comprehen-

sive evaluation of the “neighborhood” surrounding the left coronary artery is required. 

This could also encourage medical engineers to develop elliptical stents and heart valves 

with new features. 

This study has several limitations. First, the accuracy and feasibility of the 4D 

straightened model were only demonstrated with seven pre-CTs and seven post-CTs, and 

need to be further proven with a larger population. Additionally, all pre-CTs were ob-

tained from healthy sheep without any congenital heart defects. For clinical application, 

especially in patients who have undergone transannular patch repair/Ross procedures or 

other open-heart surgeries, additional work would be required to reconstruct the heart’s 

architecture due to artifacts from adhesions between the pericardium and the myocar-

dium, the stent, and the distorted anatomy. To our knowledge, two major artefacts that 
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significantly affect CT imaging accuracy are the blooming artefact and cardiac movement 

artefact [23,24]. With technical innovation, by reducing image noises and blooming arte-

facts, iterative reconstruction (IR) algorithms have the potential to enhance the quality of 

CT images. Compared to in vivo data, imaging data created from patient-specific models 

could provide accurate patient-specific geometry parameters without motion artefacts. 

However, in future studies, the acquisition times and contrast resolutions of scanners still 

need to be improved to obtain higher accuracy in CT imaging, which would improve the 

evaluation of TPVR outcomes. 

5. Conclusions 

Four-dimensional straightened segmentation can be a useful method for periproce-

dural evaluations for TPVR and could assist TPVR device innovation in the future. 

6. Patents 

There is no patent resulting from the work reported in this manuscript. 

Supplementary Materials: The following supporting information can be downloaded at 

https://www.mdpi.com/article/10.3390/app122412912/s1, Table S1: The mean value of parameters 

for each plane during the cardiac cycle; Table S2: Ellipticity index for each plane during the cardiac 

cycle; Video S1: The deformation of 4D reconstructed anatomical segmentation from sheep F’s pre-

CT. Anterior view of the anatomical 4D segmentation with landing zone markers at the five selected 

planes, 1–6 s. Posterior view of the anatomical 4D segmentation with landing zone markers at the 

five selected planes, 6–13 s. Superior view of the anatomical 4D segmentation with landing zone 

markers at the five selected planes, 13–19 s; Video S2: The deformation of 4D reconstructed straight-

ened segmentation from sheep F’s pre-CT. Anterior view of the straightened 4D segmentation with 

landing zone markers at the five selected planes, 1–6 s. Posterior view of the straightened 4D seg-

mentation with landing zone markers at the five selected planes, 6–13 s. Superior view of the 

straightened 4D segmentation with landing zone markers at the five selected planes, 13–19 s; Video 

S3: The deformation of 4D reconstructed anatomical segmentation from sheep F’s post-CT. Anterior 

view of the anatomical 4D segmentation with landing zone markers at the five selected planes 

(with/without the implanted stent), 1–23 s. Posterior view of the anatomical 4D segmentation with 

landing zone markers at the five selected planes (with/without the implanted stent), 23–46 s. Supe-

rior view of the anatomical 4D segmentation with landing zone markers at the five selected planes 

(with/without the implanted stent), 46–69 s; Video S4: The deformation of 4D reconstructed straight-

ened segmentation from sheep F’s post-CT. Anterior view of the straightened 4D segmentation with 

landing zone markers at the five selected planes (with/without the implanted stent), 1–12 s. Posterior 

view of the straightened 4D segmentation with landing zone markers at the five selected planes 

(with/without the implanted stent), 12–24 s. Superior view of the straightened 4D segmentation with 

landing zone markers at the five selected planes (with/without the implanted stent), 24–37 s; Video 

S5: The deformation of 4D reconstructed anatomical segmentation from sheep J’s pre-CT. Anterior 

view of the anatomical 4D segmentation with landing zone markers at the five selected planes, 1–6 

s. Posterior view of the anatomical 4D segmentation with landing zone markers at the five selected 

planes, 6–13 s. Superior view of the anatomical 4D segmentation with landing zone markers at the 

five selected planes, 13–19 s; Video S6: The deformation of 4D reconstructed straightened segmen-

tation from sheep J’s pre-CT. Anterior view of the straightened 4D segmentation with landing zone 

markers at the five selected planes, 1–6 s. Posterior view of the straightened 4D segmentation with 

landing zone markers at the five selected planes, 6–13 s. Superior view of the straightened 4D seg-

mentation with landing zone markers at the five selected planes, 13–20 s; Video S7: The deformation 

of 4D reconstructed anatomical segmentation from sheep J’s post-CT. Anterior view of the anatom-

ical 4D segmentation with landing zone markers at the five selected planes (with/without the im-

planted stent), 1–13 s. Posterior view of the anatomical 4D segmentation with landing zone markers 

at the five selected planes (with/without the implanted stent), 13–25 s. Superior view of the anatom-

ical 4D segmentation with landing zone markers at the five selected planes (with/without the im-

planted stent), 25–38 s; Video S8: The deformation of 4D reconstructed straightened segmentation 

from sheep J’s post-CT. Anterior view of the straightened 4D segmentation with landing zone mark-

ers at the five selected planes (with/without the implanted stent), 1–12 s. Posterior view of the 

straightened 4D segmentation with landing zone markers at the five selected planes (with/without 
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the implanted stent), 12–24 s. Superior view of the straightened 4D segmentation with landing zone 

markers at the five selected planes (with/without the implanted stent), 24–37 s. 
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